China is vulnerable to climate change impacts, and this study investigates the potential socioeconomic damages to China from weather-related events under future climate conditions. A two-part model incorporating a hierarchical Bayesian approach is employed to explore the effects of climate on human damage (the share of affected people in a total population) and economic damage (the share of economic losses in gross domestic product). Based on these relationships, the relative changes in socioeconomic damages under representative concentration pathways (RCPs) are presented at the regional and national levels. Our results show that China would experience an increase in socioeconomic damages from rainfall-related events under RCP2.6 and RCP4.5, and the higher increments mainly appear in the central and southwestern areas. Future climate conditions may greatly increase national damages from drought events under RCP8.5. Damages in some northern and southeastern provinces could double by 2081-2090. The national damage to humans from cold-related events is almost unchanged in most climate scenarios; however, the associated economic damage has downtrends.
Introduction
Weather-related events interact with society and cause human and economic damages (IPCC 2012) . The frequency and intensity of weather extremes may increase under future climate conditions, and the associated socioeconomic damages would thus increase (Bouwer 2013; IPCC 2013 IPCC , 2014 Reyer et al. 2017; Smirnov et al. 2016) . To better cope with climate change, assessing the consequences of changing concentrations of greenhouse gases (GHGs) is important. Specifically, more investigations of the damages from weather-related events in vulnerable nations are essential for calculating the costs of climate change (Revesz et al. 2014; van den Bergh and Botzen 2014) .
Among the countries most frequently hit by weather-related disasters, China has suffered huge losses. During 2005 During -2015 , China had the largest number of affected people in the world at 2.27 billion (UN/ISDR 2015) . Since the country covers a large area and has differing natural and social conditions, the damages varied by region. With rising temperatures, the spatial patterns of future socioeconomic consequences are of concern to policy makers. This study focuses on the changes in regional and national human and economic damages from weatherrelated events due to climate change.
Recent studies show that statistical approaches are useful tools to quantify the impacts of climate change on social and economic outcomes (Auffhammer et al. 2013; Hsiang 2016; Mendelsohn et al. 2012) . In a direct way, climate observations related to temperature and precipitation are taken as explanatory variables to identify the causal effects of climate on the outcomes of interest. Lee et al. (2017) suggest that annual precipitation has significantly positive effects on the damages from weather-related disasters in Korea. In addition, the frequency (Lloyd et al. 2016; Yuan et al. 2016 ) and intensity (Fankhauser and McDermott 2014) of extreme events are normally taken as the primary determinants for damages. Socioeconomic factors reflecting adaptive capacity also have important effects. Kahn (2005) indicates that richer nations suffer fewer losses of human life due to economic development rather than fewer disasters, and further analyses show that there are nonlinear relationships between development and damages (Kellenberg and Mobarak 2008; Zhou et al. 2014) . Generally, highincome areas are more likely to have strong adaptive capacities to deal with extreme events (Noy 2009; Raschky 2008; Toya and Skidmore 2007; Wu et al. 2018) .
Estimating the potential costs of climate change by establishing relationships between socioeconomic damages and the associated influencing factors is a critical task. In the literature, a hierarchical Bayesian approach has been widely employed to quantify model and parameter uncertainties and to partially pool the common information from different regions while considering heterogeneity (Gelman and Hill 2007) . It could eventually help quantify climate change impacts.
Global warming has caused the changes in weather-related events to differ across China (Chen and Sun 2015) ; however, there is a lack of studies on the potential future socioeconomic consequences of different types of events. Historical records show that human and economic damages that have resulted from rainfall-related, drought, and cold-related events in China make up a large proportion of all events; however, there is no evidence for the effects of climate on these damages. Accordingly, this study employs a two-part model incorporating the hierarchical Bayesian approach to explore the climatic factors affecting socioeconomic damages from the three types of weather events in China. Based on these identified relationships, the changes in human and economic damages under representative concentration pathways (RCPs) are presented at the regional and national levels.
Methodology

Study area and data description
The study area covers 30 provinces (including municipalities and autonomous regions) of China, and their name abbreviations are shown in Table S1 (in supplementary material).
The historical meteorological data for the period 1970-2014 are taken from the China Meteorological Data Service Center. The daily time series for the selected weather stations include precipitation and mean temperature. The 1970-2090 simulated monthly precipitation and mean temperature under RCPs come from five climate models (HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, GFDL-ESM2M, and NorESM1-M) provided by the Inter-Sectoral Impact Model Intercomparison Project. We obtained the future climate data for weather stations based on their locations. Since the simulated and observed climate variables are not identical in distribution, their data during 1970-2000 are used to correct the distributions of simulated climate variables. At each station, the bias corrections of the temperaturerelated and precipitation-related variables are based on a normal distribution and a log-normal distribution, respectively (Hawkins et al. 2013) . Station level data within a province are averaged for provincial analysis.
The annual direct economic losses and number of people affected due to rainfall-related (rainstorm-induced flood and waterlogging), drought, and cold-related (snow, low-temperature, and frost) disasters at the provincial level are provided by the China Meteorological Disasters Yearbooks and the National Climate Center of China, and the available data 
Two-part hierarchical Bayesian model
A two-part model (Duan et al. 1983 ) is employed for empirical analysis. In the first part, a logistic regression is used for the dichotomous event of having zero or positive damage.
where y st is the socioeconomic damage (i.e., the share of affected people by total population or the share of economic losses in GDP) for the sth (s = 1,2,…, S) province in year t; st = (x 1,st , x 2,st , … , x J,st ) is a set of J covariates associated with the specific damage (Table 1) ; b j (j = 1,2,…, J) are regression coefficients; a s is the intercept for a province. Being conditional on positive damage, the log-transformed y st is modeled with a normal distribution in the second part after a preliminary diagnostic evaluation.
where the regression coefficients s = ( 0,s , 1,s , 2,s , … , J,s ) and the covariance σ s need to be estimated. Here, we further assess the spread of covariate effects across provinces with a multilevel model. A multivariate normal distribution is considered for the regression coefficients β s (Yuan et al. 2016 ).
( where μ β (a vector of length J + 1) is the common mean regression coefficient for all the provinces; correspondingly, Σ β is the covariance matrix. If the estimated variances of β s (diagonal of Σ β ) are large, then it effectively indicates that each province is regressed independently; by contrast, small variances imply homogeneous responses to the influencing factors (Gelman and Hill 2007) . We use noninformative priors for all the parameters in the equations and employ Markov chain Monte Carlo (MCMC) sampling to estimate posterior distributions. The convergence of the MCMC chain is evaluated by the potential scale reduction factor, and all the calculations are conducted using R and RStan. This study investigates the effects of climate on two kinds of damages from weatherrelated events. The share of affected people in a total population refers to human damage, while the share of economic losses in GDP represents economic damage. In previous studies, the number of extreme events identified from climate data is normally taken as an influencing factor. Instead, this study directly introduces climate variables into the model to reveal their effects. The selected variables are shown in Table 1 , and precipitation and temperature are considered in the models. For damages from rainfall-related events, the annual precipitation that positively correlates with the number of rainfall-related events (Alexander et al. 2006 ) over the year is used and the annual average temperature is controlled. For damages from drought events, the annual precipitation that correlates with the number of drought events (China Meteorological Administration 2006) is taken as an influencing factor. Moreover, the average temperature in warm period that positively correlates with the number of heat events is also considered. For damages from cold-related events, the average temperature in cold period that negatively correlates with the number of cold-related events (Scherer and Diffenbaugh 2014 ) is chosen and the precipitation in cold period is controlled. Here, warm period indicates April to September, and cold period indicates January to March and October to December. In addition, GDP per capita that reflects adaptive capacity and a linear time trend are included in the models.
Results and discussion
Empirical model estimates
The estimated posterior distributions of the common mean regression coefficients for socioeconomic damages from different events are shown in Tables 2, 3 , and 4, and those for each province are displayed in Figures S1-S6 (in supplementary material) . A parameter whose 90% interval of the posterior distribution does not overlap with 0 is regarded to have a significant effect. In Table 2 , we find that annual precipitation and average temperature have different impacts on the damages from rainfall-related events. The statistically significant coefficients imply that a unit increase in annual precipitation would result in the 0.20-0.23% and 0.26-0.29% increments in human and economic damages, respectively. However, the annual average temperature may have negative effects. For the damages from drought events, the average temperature in warm period is considered instead. Table 3 indicates that socioeconomic damages would increase with average temperature in warm period but would decrease with annual precipitation. The determinants of the damages from cold-related events are selected as the precipitation and average temperature in cold period. In general, more precipitation and a lower temperature might lead to higher human and economic damages. However, their coefficients are statistically insignificant according to Table 4 . 
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The estimates also indicate that socioeconomic damages would be reduced by income growth. As interpreted from the literature, economic development helps build adaptive capacity to mitigate damages. Nevertheless, there are no significant U-reshaped relationships between damages and economic development in most models.
Climate change impacts on regional socioeconomic damages
A baseline climate condition representing the 2005-2014 mean levels is assumed to detect climate change impacts on human and economic damages. The future climate condition is defined as the average level of climate models. The coefficients in the empirical models with climate variables only (i.e., columns 1 and 4 in Tables 2, 3, and 4) are used to estimate the relative changes (median values) under future and baseline climate conditions. Here, the results under RCP2.6 and RCP8.5 are presented for further comparisons. 
Damages from rainfall-related events
The regional changes in human damage from rainfall-related events under RCPs are shown in Fig. 1 . During 2041-2050, more damages are found in most provinces of south China. Specifically, Anhui, Chongqing, Hubei, and Jiangxi are predicted to have more than 25% increases under RCP2.6. By contrast, northeast and northwest China would have fewer damages. These decreases would expand to most provinces of north China under RCP8.5. By 2081-2090, the mean increment in southwest China, including Chongqing, Guizhou, Sichuan, and Yunnan, may reach 36% under RCP2.6. However, the mean decrement in northeast China, including Heilongjiang, Jilin, and Liaoning, would be as much as 33% under RCP8.5. Notably, Fujian and Zhejiang are expected to experience lower damages in the future. In general, there are more human damages under RCP2.6 than RCP8.5. Figure 2 presents the regional changes in economic damage from rainfall-related events. Under RCP2.6, the increments mainly appear in the central and southwest China, and there would be more provinces of higher damage growth by 2081-2090. By comparison, the spatial pattern of damage change obviously varies in the two periods under RCP8.5. For most provinces, the economic damage would become lower by 2081-2090, and we find that north and southeast China might have more than a 25% decrease in economic damage. Furthermore, the mean change could be as much as − 32% for the entire country.
Damages from drought events
The regional changes in human damage from drought events under RCPs are illustrated in Fig. 3 . It shows that most provinces in north China and the coastal provinces in southeast China would have increased damages in the mid and late twenty-first century under RCP2.6. Especially for Hainan Island, the share of affected people might double with the effect of climate change. The situation for the country is predicted to be more severe under RCP8.5. During 2041-2050, there are only two provinces (Guangxi and Yunnan) that have small reductions in human damage. By 2081-2090, due to the rising temperature, all the provinces would be faced with higher damages, and their mean changes could be as much as 99%.
The changes in economic damage from drought events have similar patterns (Fig. 4) . The decrements exist extensively in central and southwest China under RCP2.6. Particularly, the damage for Chongqing would reduce by 44% in 2081-2090. This is consistent with the findings on human damage under RCP8.5 that predicts higher economic damage in the future. Notably, during 2081-2090, the projected damage in the southeastern provinces (Anhui, Fujian, Jiangsu, and Zhejiang) may reach more than twice as much as that under the baseline climate condition. Figure 5 shows the regional changes in human damage from cold-related events. Overall, a small difference between the two periods is found under RCP2.6, which indicates that the provinces of positive change mainly cover central China, and the maximum increment is approximately 10%. With higher temperatures, the damages under RCP8.5 would reduce in most areas. Especially from 2081-2090, approximately two in five provinces would have more than a 10% decrease in damage. The northwestern area, including Inner Mongolia, Qinghai, and Xinjiang, might experience a larger decline of − 18% on average.
Damages from cold-related events
However, the economic damage from cold-related events would become lower in most provinces considering climate change impacts (Fig. 6 ). Jilin and Yunnan are the only two provinces showing positive changes less than 1% under RCP2.6. The mean reductions for the remaining areas are 6.0% in 2041-2050 and 5.5% in 2081-2090 . In addition, we find larger decrements across the country under RCP8.5. By 2081-2090, the mean change for the provinces would be − 16%. Particularly, for some western provinces such as Gansu, Qinghai, Tibet, and Xinjiang, economic damages would decrease by more than 20%.
Climate change impacts on national socioeconomic damages
According to the share of provincial population or GDP out of the total in 2015, the regional human and economic damages are aggregated. The changes in national socioeconomic damages from weather-related events under future climate conditions are displayed in Fig. 7 . It shows that the human damage from rainfall-related events would rise under the RCPs, and the linear trend specifically indicates an increase of 0.42% year −1 for RCP4.5. However, the economic damage from rainfall-related events would reduce under RCP6.0 and RCP8.5 with changes of − 0.25% year −1 and − 0.27% year −1 , respectively. The two kinds of damages from drought events vary greatly under the RCPs. There are very slight declines for RCP2.6 but obvious increases for other RCPs. RCP8.5 predicts potential human and economic damage increases of 119.4% and 106.3% by 2090, respectively. For the socioeconomic damages from cold-related events, there are different patterns. The share of affected people would slightly increase in general, and the larger change is found under RCP4.5. By comparison, the share of economic losses is predicted to decrease in the future. We observe that economic damages would fall 0.13% year −1 under RCP8.5.
Conclusions
Climate change is expected to have significant impacts on human and economic damages from weather-related events. This study focuses on the damages referring to the share of affected people in the total population and the share of economic losses in GDP and investigates the climatic factors affecting the damages from rainfall-related, drought, and coldrelated events in China. In addition, the changes in damages under RCPs at the regional and national levels are presented. Temperature and precipitation have different effects on socioeconomic damages. In general, precipitation would increase the damages from rainfall-and cold-related events but decrease those from drought events. By contrast, higher temperatures may result in Fig. 7 Changes in socioeconomic damage from a rainfall-related, b drought, and c cold-related events under RCPs relative to the baseline climate condition lower damages from rainfall-and cold-related events but higher damages from drought events. The identified relationships between climate and damages facilitate the exploration of climate change impacts.
Under RCP2.6 and RCP4.5, China would have increased socioeconomic damage from rainfall-related events, and the higher increments mainly appear in the central and southwestern areas. However, there are different trends for human and economic damages under the other two RCPs. Future climate conditions may dramatically raise national socioeconomic damages from drought events under RCP8.5. The damages in some northern and southeastern provinces could double by 2081-2090. The national human damage from cold-related events is almost unchanged in most climate scenarios. In contrast, downtrends are found for economic damage due to the extensive decrements across the country.
Our findings provide detailed information on socioeconomic damages from different weather events caused by the effects of climate change, which is essential for making more specific adaptation strategies across regions. Additionally, the estimates are important for the development of an integrated assessment model for climate change. Notably, the absolute affected people and economic losses due to weather-related events can be further obtained based on future socioeconomic development scenarios.
